A phospholipase-deficient mutant, termed JL762, was obtained from a virulent strain of Listeria monocytogenes by screening a bank of 5,000 Tn1S45 transposon-induced mutants on 2.5% egg yolk brain heart infusion agar. As previously shown (J. Mengaud, C. Geoffroy, and P. Cossart, Infect. Immun. 59:1043-1049, the transposon insertion took place inside the gene mpl, which encodes a zinc metalloprotease. By Western blot (immunoblot) analysis, we showed that loss of phospholipase activity was associated with loss of a 29-kDa zinc-dependent phosphatidylcholine-phospholipase C (PC-PLC) in culture supernatant of JL762 and of EGD-SmR incubated with ion chelator. As the parental strain, JL762 still produced in supernatants -33-kDa proteins antigenically closely related to the 29-kDa PC-PLC. These results strongly suggest that the zinc metalloprotease ofL. monocytogenes might play a role in the maturation of the 29-kDa PC-PLC. Although the uptake and the intracellular growth of bacteria were not affected in vitro, we found that the virulence of mutant JL762 was strongly impaired in the mouse.
recipient and the donor, respectively, of Tn1545. The phospholipase-deficient mutant isolated in this study was designated JL762 and referred to as Bug13 in a recent report (20) . For subcultures, brain heart infusion (BHI) broth or agar (Biomerieux, Marcy l'Etoile, France), tryptocasein soy agar (Diagnostics Pasteur, Marnes la Coquette, France), and 5% horse BHI agar were used. For production of extracellular phospholipase, bacteria were grown in tryptic-glucose-yeast (TGY) broth prepared as follows: Biotrypticase (Biomerieux), 30 g; yeast extract (Difco Laboratories, Detroit, Mich.), 20 g; NaHPO4 12H20, 8.3 g; KHPO4, 0.7 g; and 1,000 ml of quartz-distilled water. This broth was supplemented with 0.1 mM ZnSO4 and vegetable-activated charcoal (Prolabo, Paris, France) at a final concentration of 0.2%. The charcoal-treated broth was adjusted to pH 7.5 and autoclaved at 115°C for 20 min. Sterile glucose was then added to a final concentration of 1% before inoculation.
Transposon mutagenesis and screening of phospholipasedeficient mutants. Transposon mutagenesis was achieved by transferring Tn1545 from strain BM4140 to strain EGD-SmR as previously described (8) . Insertional mutants were selected on Trypticase soy agar supplemented with streptomycin (100 pLg/ml) and kanamycin (10 ,ug/ml). The frequency of transfer was about 10-8 per recipient. Multiple mating experiments were performed, and only two or three separate colonies were chosen from each plate to avoid redundance.
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mented with 2.5% fresh egg yolk previously diluted in 0.15 M NaCl (1:2, vol/vol). Streptomycin (100 ,ug/ml) and kanamycin (10 ,ug/ml) were added to the egg yolk medium. Colonies appeared after 1 to 3 days at 37°C and were surrounded by a large opalescent zone, revealing egg yolk degradation. The transconjugants devoid of lipolytic activity were subcultured on BHI broth supplemented with streptomycin and kanamycin, as described above. Bacterial cultures were then harvested at the end of the exponential growth phase (-108/ml), distributed in 1-ml lots into vials, and stored at -80°C until testing.
Phenotype analysis. Mutants were characterized by the classical tests defined elsewhere (28) (pH 8.3) . The sheets were incubated for 1 h at room temperature with shaking in 0.15% (vol/vol) Tween 20-PBS supplemented with 5% (wt/ vol) skim milk (Regilait; France-Lait, Saint Martin-Belle Roche, France) prior to 1 h of incubation with rabbit untreated anti-29-kDa PC-PLC serum diluted 1:4,000 in the above buffer or with its immunoadsorbed derivatives (diluted 1:5-1:10) and then washed eight times in buffer before the addition of 20 ml of milk buffer containing peroxidaselabelled goat anti-rabbit immunoglobulin (Organon-TeknikaCappel, Malvern, Pa.), diluted 1:1,000. Shaking was continued for an additional hour at room temperature, and then the filters were washed six times in buffer supplemented with 0.1% Triton X-100. Enzymatic activity was revealed by the addition of diaminobenzidine-tetrahydrochloride (Sigma) supplemented with hydrogen peroxide (0.02%).
In vitro tests of cell lines. The human colon carcinoma cell line Caco-2 was grown in Dulbecco modified Eagle medium (DMEM) supplemented with 20% fetal bovine serum (GIBCO Laboratories, Grand Island, N.Y.) and 1% nonessential amino acids (Flow Laboratories, Inc., McLean, Va.) and incubated at 37°C in a humidified atmosphere of 5% CO2 in air. The protocol of infection was described previously (7) . Briefly, semiconfluent monolayers of Caco-2 cells were routinely inoculated with bacterial suspensions adjusted to obtain a multiplicity of infection (MOI) of 10 bacteria per cell. Penetration was allowed to proceed for 1 h at 37°C. Infected cells were then washed three times with Earle's balanced salt solution (EBSS) (GIBCO) and covered with 2 ml of Dulbecco modified Eagle medium containing gentamicin at a bactericidal concentration of 5 mg/liter in order to kill extracellular bacteria. Cells were incubated for an additional 10-h period, the starting point of which was 0 h. At various times, the cells were washed three times with EBSS and lysed with cold distilled water before viable intracellular bacteria were counted. Experiments were carried out in duplicate for each bacterial strain tested. Results were expressed as the mean log10 of viable bacteria per well.
The murine macrophage cell line J774 was used as follows. The culture medium was RPMI medium (GIBCO Laboratories) supplemented with 10% fetal bovine serum (GIBCO Laboratories)-1% glutamine-1% nonessential amino acids (Flow Laboratories). Cell monolayers were cultured in 25- which was 0 h. The ensuing procedure was identical to that described above.
Virulence and histology in the mouse. Specific-pathogenfree ICR female Swiss mice (Charles River, Saint Aubin les Elboeuf, France), 6 to 8 weeks old, were used in this study. For each experiment, a vial of the frozen stock was quickly thawed, diluted appropriately in 0.15 M NaCl, and injected intravenously (i.v.) in a volume of 0.5 ml. The 50% lethal dose (LD50) was determined after i.v. infection by the probit method. Bacterial growth in organs was monitored after i.v. infection by killing groups of five mice by cervical dislocation. The spleens and livers were aseptically removed and ground. Samples (0.1 ml) of serial dilutions of whole organ homogenates were surface plated on tryptic soy agar. Colonies were counted after 24 h of incubation at 37°C, and the results were expressed as the log1o bacterial counts per organ. Histological study was performed with 1-,um-thick sections of organs fixed in Bouin solution, embedded in paraffin, and stained with hematoxylin and eosin.
RESULTS
Isolation and phenotypic analysis of a transposon-induced phospholipase-deficient mutant of L. monocytogenes. By screening of a bank of 5,000 Tnl545-induced mutants on 2.5% egg yolk BHI agar supplemented with kanamycin and streptomycin, one stable mutant, designated JL762, was isolated. It was devoid of any lipolytic activity visible on 2.5% egg yolk BHI agar. As illustrated in Fig. 1A , an opalescent halo is visible around colonies of EGD-SmR grown for 24 to 48 h at 37°C, whereas this halo was not found around JL762 colonies grown under the same conditions. By turbidimetric assay, it was found that the enzymatic activity reached 50 U/mg of protein in the culture supernatant of strain EGD-SmR grown for 9 h at 37°C on charcoal-treated TGY broth (supplemented with 0.1 mM ZnSO4). In contrast, no lipolytic activity (<1 U/ml) in the culture supernatant of mutant JL762 grown under the same conditions was detectable. Phenotypic analysis did not reveal any difference between JL762 and the parental strain, EGD-SmR, with respect to morphology, colonial aspects, motility at 22°C, catalase, D-xylose, L-rhamnose, patterns of fermentation toward 50 different carbohydrates on API-5OCH, serovar 1/2a and lysotype. JL762 colonies displayed the same hemolytic phenotype on 5% horse blood agar as EGD-SmR (Fig.  1B) , as well as the same hemolytic titer in supernatants of charcoal-treated broth (-2,000 U/ml). The in vitro growth curves of JL762 in BHI broth or charcoal-treated TGY broth (with 0.1 mM ZnSO4) were similar to those of the parental strain (data not shown). Mutant JL762 was stable in vitro after multiple subcultures without antibiotics, and we failed to obtain revertant strains, probably because of the low frequency of Tnl545 spontaneous loss previously estimated at 10-6 (8) . It has been recently shown that JL762 was due to a single insertion of Tn1545 inside the mpl gene encoding a zinc metalloprotease (20) .
Western blot analysis of the phospholipase-deficient mutant. Bacteria from EGD-SmR or JL762 were grown for 9 h at 37°C in charcoal-treated TGY broth (with 0.1 mM ZnSO4), a culture medium used to obtain optimal phospholipase activity in culture supernatants (10) . TCA-precipitated proteins from supernatants were probed with a rabbit antiserum raised against a recently purified 29-kDa PLC (10) or its immunoadsorbed derivative. As shown in Fig. 2A (lane 2) , the untreated antiserum diluted 1:6,000 recognized in supernatant of EGD-SmR two major bands corresponding to a 29-kDa protein and doublet 33-kDa proteins and a faint minor band at -66 kDa. In contrast, the 29-kDa protein was absent in the supernatant of JL762, while the other bands were still detected ( Fig. 2A, lane 1) . This result was confirmed with the immunoadsorbed antiserum (Fig. 2B, lanes 3  and 4) . The meaning of the minor 66-kDa protein detected by Western blot analysis remains unclear. It might be due either to a protein sharing common epitopes with the 29-kDa PC-PLC or to an undetectable contamination of the 29-kDa PC-PLC with a highly immunogenic protein. Moreover, when EGD-SmR was grown in charcoal-treated TGY broth (with 0.1 mM ZnSO4) supplemented with 0.1 mM EDTA, the 29-kDa protein corresponding to the PC-PLC was no longer found in the culture supernatant probed with the immunoadsorbed antiserum, although the other bands persisted (Fig.  2B, lanes 1 and 2) . Under these culture conditions, there is no phospholipase activity detected in supernatant of EGDSmR (<1 U/ml), as previously described (10) . These results indicate that the loss of extracellular phospholipase activity in culture supernatant of JL762 or EGD-SmR grown in EDTA was therefore associated with the loss of the 29-kDa PC-PLC.
Invasiveness and intracellular growth of the phospholipasedeficient mutant. Invasiveness and intracellular growth of JL762 were tested in vitro with Caco-2 and J774 cell lines. Cells were incubated for 30 min to 1 h at 37°C to an MOI of 10 bacteria per cell. After extensive washings, intracellular penetration and growth were studied by counting surviving bacteria associated with cells incubated in gentamicin-sup- The phospholipase-deficient mutant expresses a reduced virulence in the mouse. The virulence of JL762 was estimated by determining the LD50 for mice infected i.v. with increasing doses of bacteria. The LD50 of JL762 was found to be about 107.6 per mouse, as opposed to 106.2 per mouse for strain EGD-SmR. This result was confirmed by monitoring bacterial growth in organs after i.v. infection (-1 x 107 to 3 X 107 bacteria). As shown in Fig. 4 , bacteria from strain EGD-SmR grew rapidly in organs to very high amounts (.108 per organ), ultimately killing mice. Mutant JL762 was still capable of multiplying in host tissues at the early phase of this infection and at the same rate as EGD-SmR (Fig. 4) . The rate of bacterial multiplication in organs then decreased until 48 h, and then bacteria were slowly eliminated in host tissues. Highly infective doses of JL762 (107 to 108 bacteria per mouse) induced multiple abscesses presenting the same histological aspects as those created by the parental strain (data not shown). These results indicate that the 29-kDa phospholipase-deficient mutant expresses a low level of virulence, although mutant bacteria still rapidly replicate in host tissues at the early phase of infection. 
DISCUSSION
In this study, we isolated and characterized a phospholipase-deficient mutant, JL762, by transposon mutagenesis with TnJS45. This mutant did not release any phospholipase activity in culture supernatant and was not affected in its hemolysin production (Fig. 1) , as confirmed by titration of the hemolytic activity in culture supernatant (-2,000 U/ml). The in vitro phenotypic analysis did not find any difference between JL762 and the parental strain, EGD-SmR, except for the antibiotic resistance. We then studied the capacity of JL762 to produce a recently purified and characterized 29-kDa PC-PLC (10) . For this purpose, bacteria were grown in optimal conditions for the in vitro production of phospholipase activity, i.e., a 9-h incubation of charcoal-treated TGY broth supplemented with 0.1 mM ZnSO4, thus allowing EGD-SmR to release phospholipase activity estimated as 50 U/ml in the supernatant. By Western blot analysis, it was revealed both with a highly diluted antiserum and with its immunoadsorbed derivative that there exist two major bands in culture supernatant of EGD-SmR, one corresponding to the 29-kDa PC-PLC and one doublet band of -33 kDa (Fig.  2B, lane 3) . In contrast, the 29-kDa PC-PLC was not detected in JL762, although the closely related cross-reactive 33-kDa proteins persisted (Fig. 2B, lane 4) . Interest- ingly, when EGD-SmR was grown in the same medium supplemented with EDTA, the culture supernatant was devoid of phospholipase activity (<1 U/ml) and the 29-kDa PC-PLC was no longer detectable by Western blot analysis, whereas the 33-kDa proteins were still present (Fig. 2B) . Therefore, production of the 29-kDa PC-PLC was prevented by the addition of ion chelator. This clearly establishes that loss of phospholipase phenotype was associated with loss of the 29-kDa PC-PLC and suggests that the 33-kDa proteins might be inactive precursors of the 29-kDa PC-PLC.
The virulence of JL762 was further studied with the mouse. As shown by the LD50s and by the growth curves in organs of infected mice (Fig. 4) , the virulence of JL762 was significantly reduced compared with that of the parental EGD-SmR. Bacterial growth in organs was similar to that of the parental strain at the early stage of infection. The rate of multiplication was then restricted after 12 h of infection, thus resulting in a rapid elimination of bacteria from host tissues after few days (Fig. 4) (32) . Moreover, our results demonstrate that ions are required for production of the 29-kDa PC-PLC in EGD-SmR. We know that the L. monocytogenes metalloprotease, as well as the 29-kDa PLC (10) , is zinc dependent (5, 20) . It is therefore tempting to explain our data on the basis of a zinc-dependent maturation of 33-kDa proteins by the metalloprotease. Finally, the presence of 33-kDa antigenically closely -related putative precursors in JL762 strongly suggests that the transposon insertion has no major polar effect, as far as the gene of the 29-kDa PC-PLC is concerned. This might be related to the fact that a second promoter has been detected downstream from mpl and another upstream from actA, which precedes plcB, the gene encoding PC-PLC (19, 32) . Indeed, it has been recently shown that the regulatory gene prfA activates the transcription of four independent genes which code for a phosphatidyl-inositol-specific PLC (gene plcA), listeriolysin O (gene hlyA), metalloprotease (gene mpl), and a lecithinase gene (geneprtC) (19, 32 
